Abstract. This research evaluated how the inertial properties of a tool influence tool-using actions. Grip patterns and movements of 3-, 4-, and 5-year-old children and adults were recorded while hammering. Results revealed that both number of pegs driven and movement amplitude increased developmentally and changed as a function of inertial properties of the tool but other aspects of motor control (i.e., period, grip position) did not. This suggests that both children and adults were able to discriminate and modulate only those parameters that had the largest impact on performance (i.e., the delivery of force with the hammer). Even though the ability to adjust tool movements as tool characteristics change is evident during preschool years, the ability to do so did not reach adult levels and appears to continue to develop beyond preschool.
An important part of a child's development is the emergence and mastery of hand and tool skills. The ability to use the hands in complex ways gives children opportunities for engaging in new behaviors and has implications for self-care and educational success. The development of skilled tool use involves using the hands to explore what a tool can be used for and perform a goal-directed action with a tool. While past research suggests that preschoolers are able to perceive properties of hand-held tools, much less is known about whether and how perceptual information is used to control tool-use actions.
When a child uses a hand-held tool, dynamic touch is engaged which allows for awareness of properties of a wielded object while only making contact with part of that object (Gibson, 1966) . Research on dynamic touch in adults suggests that many object properties can be perceived in this way such as length (Fitzpatrick, Carello, & Turvey, 1994) and width (Turvey, Burton, Amazeen, Butwell, & Carello, 1998) . Moreover, research has also revealed that perception of geometric properties is constrained by the object's rotational inertia -the resistance of that object to rotational acceleration in different directions, which is quantified by the moments of inertia (I 1 , I 2 , and I 3 ) about the symmetry axes of the hand-object system (see Carello & Wagman, 2009) .
Importantly, research on dynamic touch has shown that people are also able to perceive functional properties of wielded objects such as heaviness or whether they would be able to use the object as a striking implement (Shockley, Grocki, Carello, & Turvey, 2001; Wagman & Carello, 2001) . That is, they are able to perceive whether and how the object could function as a tool. Perception of functional properties is constrained by movement relative scalars derived from an object's rotational inertia (Carello & Wagman, 2009 ). An object's rotational inertia can be geometrically represented as an inertial ellipsoid. The volume of this ellipsoid:
quantifies the size of the ellipsoid and is inversely proportional to the overall resistance of the object to rotation and thus describes the overall amount of force needed to move an object. Objects with larger values of V require smaller forces (and hence generate smaller forces), and objects with smaller values of V require larger forces (and hence generate larger forces). The symmetry of the ellipsoid:
quantifies the shape of the ellipsoid and describes how muscular forces must be directed to move an object. Objects with larger values of S (to a maximum of 1.0) require less diverse forces, and objects with smaller values of S (to a minimum of 0.0) require more diverse forces. Thus, V and S describe the magnitude and patterning of forces required to control an object, respectively. V has been shown to influence perception of whether an object is appropriate for use in a striking or poking task (Wagman & Carello, 2001; Wagman & Taylor, 2004) . Together, V and S have been shown to constrain choice of grasp position (Wagman & Carello, 2003) and choice of striking location (Wagman & Taylor, 2004 ) on a striking implement. Such results show that over the course of their lifetime, adults become attuned to the inertial variables relevant for performing tool-use tasks -for example, they perceive objects as appropriate for hammering to the degree that inertial properties facilitate transfer of force. Preschool children also appear able to perceive functional properties of handheld objects. Kloos and Amazeen (2002) found that preschoolers scale perception of heaviness to V and S, much like adults. However, the mere capacity for perceiving a property does not guarantee that a child will be able to use the perceptual information to control action. For example, Adolph (1997) found that experienced crawlers avoid steep slopes but will attempt to descend those same slopes when they first start walking. In such a case, the capacity to register perceptual information has not changed but the ability to use the information in performing a new behavior does not appear until the infant has task-specific experience.
There is evidence that over the course of development children become better able to use perceptual information in using tools. For example, between 12 and 15 months most children begin to use spoons in feeding but still need assistance in properly orienting the spoon (Connolly & Dalgleish, 1989) . Steenbergen, van der Kamp, Smitsman, and Carson (1997) found that preschool children are able to adapt grip configuration as a result of variations in tool properties. also found that preschool children were able to modify their tool behavior to displace an object. However, unlike adults who adjusted their behavior based on perception of both geometric and kinetic properties Bongers, Smitsman, & Michaels, 2003) , children modified their behavior only on the basis of geometric properties. This suggests that children may be able to detect information relevant to the control of a tool visually before they can do so by dynamic touch. This is consistent with Achard and von Hofsten (2002) who found that infants (12-17 months) were able to change behavior in an adaptive way while using a spoon unless there was an absence of visual information.
When one is using a tool, the tool becomes an extension of the body and that changes the dynamics required of an action system (e.g., Wagman & Taylor, 2004) . The focus here is on understanding the development of the ability to modify actions while using a tool as the inertial characteristics of the tool vary. Here we explored whether perception of action-relevant object properties guides action as children are performing a tool-using task. Participants (children and an adult comparison group) performed a hammering task with objects that differed in inertial properties but not visual appearance. As described above, V influences perception of appropriateness for a striking task (objects with a smaller V are perceived as more effective hammers), and together, V and S influence perception of heaviness, choice of grasp position, and choice of striking location (see Carello & Wagman, 2009) . We examined whether the same dependence on inertial properties is demonstrated in a functional (as opposed to perceptual) task with a hammer. Of interest is whether this information is used to guide actions while using a tool and whether the ability to use the information to adjust action changes developmentally.
In particular, we tested whether hammers with smaller V were more effective in a hammering task. Given that V describes the overall amount of force required to move an object (and thus influences the amount of force that can be imparted to a struck object), we expected that hammers with a smaller V (i.e., that require more force) would result in better task performance (cf. Wagman & Carello, 2001 ).
In addition, we examined whether adjustments were made in hammering movements as a result of hammer inertial properties. The amount of force needed to accomplish the hammering task used in this experiment remained constant but some hammers were less well suited than others for accomplishing the task due to their inertial properties. Of interest is whether participants were able to modify striking movements to compensate for this. As Bril, Rein, Nonaka, Wenban-Smith, and Dietrich (2010) point out, increasing movement amplitude in a hammering task is an effective way to increase potential energy by taking advantage of the force of gravity. They found that experts adjust hammering in this way in a stone knapping task and we are interested in whether the same action regulation is evident in a simple hammering task. We expect that adults will adjust amplitude based on changes in hammer characteristics and that the ability to adjust hammering as a function of changes in actionrelevant information (e.g., inertial properties) will change over the preschool period Bril et al., 2010; Steenbergen et al., 1997) .
Whereas V has been shown to constrain perception of whether an object is appropriate as hammer (Wagman & Carello, 2001) , S has been shown to additionally constrain behaviors that are more explicitly part of (or preparatory to) the hammering task (e.g., choice of grasp position and striking location) (Wagman & Carello, 2003; Wagman & Taylor, 2004) . As a result, we expect that both S and V will influence behavioral adjustments made during hammering (e.g., amplitude of hammering movements). In particular, the relationship between these variables (log S/log V) may be particularly relevant in doing so. S/V describes the relationship between the required patterning forces (S) and the overall magnitude of forces required to control an object (V). Given that values of S are restricted to values between 0 and 1, it is often the case (as in the current experiment) that values of V are orders of magnitude larger than values of S. Log transforming both sets of values places them on a similar scale, but will create negative values for both log S and log S/log V.
As log S/log V increases (becomes less negative), values of V increase relative to values of S. That is, the overall magnitude of muscular force required to move an object (and that can be generated with that object) decreases relative to the required diversity of such forces. In short, as log S/ log V increases, objects become less effective hammers. Given that the amount of force required in the hammering task remained constant, participants must compensate for changes in inertial properties of the hammers with changes in movement dynamics in order to still accomplish the hammering task. Of interest is whether participants modify their hammering movements so as to increase the force that can be generated with the less effective hammers. One particularly effective way to do so is by increasing the movement amplitude of the hammering movements (Bril et al., 2010) . Doing so increases the available potential energy and thus increases the amount of force that can be applied to a struck object. As a result, we expect that as log S/log V increases (becomes less negative), so too will the amplitude of hammering movements.
Method Participants
There were 89 participants: 27.3-year-olds (15 males, 12 females), 29.4-year-olds (11 males, 18 females), 21.5-yearolds (13 males, 8 females), and 12 adults (3 male, 9 female). The mean age was 42.3 months for the 3-year-olds, 48.1 months for the 4-year-olds, and 64.6 months for the 5-yearolds. The young adults were between 18 and 21 years old and were recruited from psychology classes at Assumption College and provided informed consent. The children were recruited from local daycare centers in Worcester, MA and parents provided informed consent. Due to videotape malfunctions, the sample size for the videotape-coded measures was 16.3-, 24.4-, and 20.5-year-olds. Due to malfunctions in the Flock of Birds equipment, the sample size for the kinematic measures was 20.3-, 25.4-, and 16.5-year-olds.
Materials and Apparatus
Five different hammers were constructed of wood, steel rods, and hard, hollow plastic tubes. All of the hammers were rigid when held and wielded. The hammers were constructed to be an appropriate size and weight for preschool children to manipulate. They were the same size (17.6 cm handle, 10.1 cm head) and identical in appearance. The hammers were painted with colored stripes along the length of handle so that hand position could be recorded easily. The mass of the hammers was manipulated by varying the material composition of the head and handle. This resulted in hammers that varied in inertial properties (see Table 1 ).
A commercially available wooden pound-a-peg bench (8 cm wide · 28 cm long) with eight predrilled holes (two rows of 4) was used for the hammering task. Cylindrical pegs (2 cm in diameter, 8 cm long) fit the holes snuggly and could only be moved up and down through each hole with force. All the holes and pegs were identical so the same amount of force was necessary to drive each peg down into the bench. Once a peg was hammered down, the top of the peg was flush with the top of the bench. At the start of each trial, all the pegs were in the up position so that 6 cm of the length of the peg was protruding above the wooden bench. The other 2 cm of the peg filled the hole so that the peg would not fall out. The cylindrical pegs fit snuggly in the holes and did not need to be held during hammering.
A magnetic movement acquisition system, Flock of Birds (Ascension Technology) and Motion Monitor Software (Innovative Sports Training), was used to record the hammering movements. A magnetic marker from the Flock of Birds was placed on the hammer and recorded its trajectory in three-dimensional space. The sampling rate was 100 Hz and each trial lasted 10 s. The x-, y-, and zcoordinates of time series were recorded in the Motion Monitor Software and then exported into MATLAB.
In addition, a video camera (Hitachi, H650A 8 mm video camcorder) was used to record the experimental session for later behavioral coding. The camera was positioned above and to the left of the participant to get a clear view of the hand and peg bench during hammering.
Procedure
The experiment was conducted in the perception laboratory for the adults and in a quiet room at the daycare facilities, adjacent to the classroom space. All children were familiar with hammering on a pound-a-peg bench. At the start of each trial, the wooden pound-a-peg bench was centered in front of the child, and the experimenter pushed all the pegs up so that 6 cm of each peg was protruding above the bench. The pound-a-peg bench was attached to the table with Velcro so that it would not move during hammering. The experimenter then put the hammer down on the table to the right of the bench. Participants were instructed to pick up the hammer and hammer as many pegs into the bench as they could until told to stop. The participants were instructed to hammer the pegs in any order they chose, strike each peg until it was driven into the hole, and then to choose another peg and continue hammering. Once the participant was comfortably hammering, the experimenter began recording 10 s of movement data. If a participant stopped hammering after a peg was driven down they were instructed to hammer another peg and continue hammering until instructed to stop. A trial therefore was defined as a 10-s bout of hammering. Adult participants completed 10 hammering trials (two for each type of hammer) and the children completed five hammering trials (one with each hammer). Order of presentation of hammers was randomized for each participant.
Data Reduction, Behavioral Coding, and Dependent Measures
Dependent measures were calculated from the videotape recordings and the movement time series for each of the 10-s trials. Two variables were coded from videotape recordings -grip position and number of pegs driven down. The grip position used was coded as grasping at the top (near the hammer head), middle, bottom of the hammer shaft or with two hands. The number of pegs driven down (out of a possible 8) was counted. In order to be counted the peg had to be completely driven down or driven down of the length of the peg. The 10-s trial movement trajectories from the Flock of Birds were analyzed in MATLAB to obtain measures of timing. Period and amplitude were calculated from the time series. We computed the movement period mean using the time between the points of maximum angular extension of the hammer movement trajectory as defined by the maxima of the movement time series. We calculated the movement amplitude mean using the angular distance between the points of maximum flexion and extension of the hammer movement trajectory for each half cycle of the movement time series. Since adults completed two trials per condition each trial was coded separately and the condition means were entered into the data analysis. Each continuous dependent variable (number pegs, period, and amplitude) was analyzed in a mixed model 4 (age, 3-year, 4-year, 5-year, adult) · 5 (hammer) ANOVA. Age was a between-subjects variable and hammer was a repeated-measures variable. Follow-up regression analyses were used to evaluate the nature of the relationship between inertial properties and motor actions. A chi-square test was used to analyze the frequency of occurrence of the different grip positions.
Results

Number of Pegs Hammered
The analysis of number of pegs hammered resulted in a significant main effect of age, F(3, 56) = 3.89, p = .01, g 2 = .17, with number of pegs hammered increasing developmentally (M = 3.16, 3.66, 5.24, 3.9 for the 3-, 4-, 5-year-olds, and adults, respectively). This was a small effect size, indicating that age accounted for 17% of the overall variance in number of pegs hammered. The main effect of hammer was also significant, F(4, 244) = 8.47, p < .001, g 2 = .13, with number of pegs changing as a function of inertial properties (M = 4.52, 4.48, 4.05, 3.93, and 3.12 for low to high ellipsoid volume, respectively). This finding confirms that hammers with smaller V resulted in better hammering performance (more pegs driven down) and accounted for 13% of the variance. The interaction between age and V approached significance, F(12, 244) = 1.59, p = .09, g 2 = .08). In order to evaluate the nature of the relationship between inertial properties and number of pegs hammered, we conducted a regression of the number of pegs hammered against log V for each of the four age groups. Log V did not influence the hammering performance of the 3-year-olds (y = À.34x + 4.1, r 2 = .40, p > .05). By 4-year-olds, however, the number of pegs hammered decreased as log V increased (y = À1.68x + 8.13, r 2 = .86, p = .02). However, for 5-year-olds the relationship between log V and number of pegs hammered was marginally significant (y = À.71x +7.14, r 2 = .69, p = .08). In adults, as log V increased, number of pegs hammered decreased (y = À.97x + 6.44, r 2 = .91, p = .01). This suggests that V not only constrains the perception of the effectiveness of a hammer (Wagman & Carello, 2001 ), but also influences hammering performance of both adults and 4-year-olds.
Grip Position
A chi-square analysis of the frequency of occurrence of the different grip positions did not result in a significant effect of hammer, v 2 (4) = 0, p > .05, but did result in a significant effect of age, v 2 (9) = 55.46, p < .001. The children used all the different grips during hammering with bottom and middle chosen most often (M = 49.3%, 34.8%, 13%, 2.9% for bottom, middle, top, and two handed grasps for the 3-year olds; M = 43.2%, 43.2%, 9.3%, 4.2% for the 4-year-olds; M = 50.5%, M = 41.1%, M = 3.2%, M = 5.3% for the 5-year olds; M = 92%, M = 8%, M = 0, M = 0 for the adults). The adults demonstrated a clear preference for the bottom grasp. Grasping the hammer at the bottom typically maximizes the transfer of force, and adult participants seemed to prospectively control their grasp to this end (Wagman & Carello, 2003) . The ability to use grip location to maximize transfer of force appears to continue to develop beyond the preschool years.
Period
The analysis of period did not result in any significant main effects or interactions. Thus, hammering movements were completed at the same tempo regardless of hammer inertial properties or age. The overall mean period of the hammering movements was .4 cycles per second. This may not be surprising as increasing the period of the movement (the time it takes to complete one hammering cycle) does not increase striking force.
Amplitude
The analysis of the movement amplitude revealed significant main effects of age, F(3, 68) = 3.5, p = .02, g 2 = .13 and hammer, F(4, 272) = 7.99, p < .001, g 2 = .11, indicating that age and hammer condition accounted for 13% and 11% of the variance, respectively. The interaction between age and hammer was not significant. As seen in Figure 1 , participants used smaller amplitude movements for hammers with smaller (i.e., more negative values of) log S/log V and used larger amplitude movements for hammers with larger (i.e., less negative values of) log S/log V. In addition, the amplitude of the 3-year-olds (M = .17 m) was significantly smaller than the 5-year-olds (M = .24 m, p = .04) and the adults (M = .24 m, p = .05) but was not different from the 4-year-olds (M = .22 m, p = .1). The smaller amplitude movements of the younger children resulted in less forceful hammering movements and likely contributed to poorer performance in driving pegs.
Regressions of log V, log S, and log S/log V and amplitude revealed that amplitude changed as a function of the ratio of log S/log V for all age groups (y = .1x + .3, r 2 = .9, p = .01; y = .2x + .3, r 2 = .9, p = .02; y = .1x + .3, r 2 = .8, p = .03 for the 3-and 4-year olds and adults, respectively) except the 5-year-olds (y = .1x + .3, r 2 = .5, p > .05). Hammering movements with larger amplitudes were used for hammers with a larger log S/log V ratio and smaller amplitude movements were used for hammers with a smaller log S/log V ratio. As log S/log V increases (becomes less negative), the overall magnitude of muscular force required to move an object (and thus the overall magnitude of force that can be generated with that object) decreases relative to the required diversity of such forces. As a result, as log S/log V increases, objects become less effective hammers. An effective way to compensate for this change in inertial properties (and to increase the amount of force applied by less effective hammers) is by increasing the amplitude of the hammer swing. When actually performing a hammering task, the relationship between S (e.g., where to direct forces) and V (e.g., how much force) was more informative for controlling motor movements than either of these variables alone and participants may have modified the amplitude of their hammering based on the joint contribution of S and V.
Discussion
We explored how movements change as a consequence of changes in tool properties, namely, its inertial characteristics.
Results confirmed that hammers with a smaller ellipsoid volume were indeed more effective as evidenced by the fact that more pegs were driven in by such hammers. In addition, the results provided evidence that some aspects of the motor control change with variations in the inertial properties of the hammers (i.e., amplitude) but other aspects (i.e., period, grip position) do not. These results suggest that both adult and preschool participants were able to discriminate and modulate only those parameters that had the largest impact on performance (i.e., the delivery of force with the hammer). The parameter that emerged as most important in making adjustments in hammering behavior was the relationship between S and V -larger amplitude movements were used for hammers with a larger (i.e., less negative) log S/log V ratio. This finding is similar to research showing that wielded objects were perceived as better hammers as V decreased (with no contribution of S) (Wagman & Carello, 2001 ). However, participants in their task were unable to see the wielded objects and did not actually perform a hammering task. In our task, in which behavioral actions with the hammers rather than perceptual judgments were measured, the ratio of S to V was implicated. Such task differences may account for the (subtle) differences in inertial dependencies.
Other research (e.g., Bongers et al., 2003; Michaels, Weier, & Harrison, 2007) has found that when participants have the opportunity to both see and wield objects (as in the current experiment), both perception of functionality and use of those objects are constrained by geometric variables more so than by inertial variables. However, the objects in the current experiment were visually indistinguishable, and under such circumstances, it is to be expected that perception of functionality and use of those objects will be constrained by inertial variables (see Michaels et al., 2007) .
Significant main effects of age also revealed that performance of preschool children did not reach adult levels of performance. Namely, preschool children were less consistent in grasping the hammer at the end of the hammer, drove fewer pegs down, and produced hammering movements with a smaller amplitude than adults. The lack of significant interactions between age and hammer suggests that children did modify hammering movements based on the inertial properties of the hammers in a similar fashion as adults even though they did not yet do so as effectively as adults. This suggests that children are still learning how best to grasp the hammer and to produce a hammering movement with the appropriate magnitude and patterning of muscular forces to maximize performance. This may indicate that both the perception of inertial properties through dynamic touch and the ability to use the perceptual information to successfully guide action are evident during preschool but are still immature and undergoing development . Such findings are consistent with work showing that although both novice and expert (adult) stone knappers are sensitive to differences in the weight of the hammer stone, only the expert knappers reliably modulate their hammering movements so that performance is invariant across such differences (Bril et al., 2010) . It may be that the ability to perceive relevant inertial variables in a hammering task may develop prior to the ability to apply the Figure 1 . Participants adjusted movement amplitude as a function of log S/log V. Smaller amplitude movements were used for hammers with smaller log S/log V and larger amplitude movements for hammers with larger log S/log V.
Hammers are displayed in order from smallest to largest log S/log V. muscular forces required to successfully (and efficiently) complete the task. This needs to be addressed in future research. Unlike Steenbergen et al. (1997) who found that children were quite good at adjusting grip based on the visual appearance of a spoon, children in our study were still developing the ability to use haptic perceptual information in the service of action. This may suggest that reliance on information detected through dynamic touch to control tool-using actions may emerge later in development than the ability to use visually detected information .
Our findings indicate that children are able to discriminate action-relevant information and use it to adjust the dynamics of actions while performing a tool-using task. The parameter that emerged as most important was the relationship between the required patterning of forces (S) and the overall magnitude of forces to control an object (V). However, preschoolers have still not achieved adult levels of skill in the ability to use this information in the service of action to maximize performance. This may suggest that dynamic touch attunement and the ability to calibrate the motor system to accomplish a task based on detection of information may undergo important changes during the preschool period and beyond (see Fitzpatrick & Flynn, 2010) . One could argue that preschool children are still in an exploratory period in which they are discovering how best to use perceptual information to calibrate the motor system in the service of action and this continues to develop beyond the preschool period. More research is needed to evaluate what parameters are important in selecting appropriate action-relevant information in a variety of functional tool-use tasks (e.g., transport, striking, poking) as well as longitudinal research during the preschool years and beyond with more dense sampling of behavior to be able to understand the nature and shape of the changes that are taking place (e.g., Adolph, Robinson, Young, & Gill-Alvarez, 2008) in the ability to use actionrelevant properties to guide tool-use actions.
